In this study we report on the spectral properties and G-quadruplex folding ability of fluorescent oligonucleotide probes modified by the attachment of a cholesterol moiety. These probes were designed and studied in order to verify their potential as potassium-sensing devices that can be incorporated into the cellular membrane. The 19-meric guanine-rich deoxyoligonucleotide was labeled with reporter fluorescent FRET groups (FAM and TAMRA) and a cholesterol anchor was attached using different approaches. The probes exhibited abilities to fold into a quadruplex structure and to bind metal cations (Na + and K + ). In an unbound state, both termini of the oligonucleotide are separated, thus fluorophores do not interact with each other and the probe exhibits an unperturbed fluorescence spectrum. In the presence of K + , the quadruplex structure is developed such that it enables fluorophores to be arranged in close proximity, causing generation of a different fluorescence spectrum (FRET signal). Folding properties of probes and their spectral behavior were examined by recording the UV-Vis, fluorescence emission, and excitation spectra (FRET efficiency), and the temperature stability of G-quadruplex structures adopted by probes (melting profiles). Fluorescence energy transfer efficiency increased with increases in sodium or potassium ion concentrations in an aqueous solution, which indicated that the probes retained their cation-binding properties and could be promising candidates for potassium sensing at the cell membrane interface. 
Introduction
The self-assembly of guanylic acid derivatives has been known for more than a century [1] and the structural basis for this phenomenon was elucidated in the 1960s [2] . G-quadruplex (G4 DNA) structures are generated by a core of two or more π-π stacked G-quartets, which are stable planar arrangements of four guanine residues that are hydrogen-bonded via Hoogsteen pairings. G4 DNA structures may form under physiological conditions and show different topologies, the complexity of which depends on six variable parameters: (i) the oligonucleotide sequence; (ii) the number of oligonucleotide strands (e.g., unimolecular, bimolecular, or tetramolecular); (iii) the directionality of strands (e.g., parallel, antiparallel, or mixed); (iv) the angles of the glycosidic bonds (e.g., syn or anti); (v) the size and type of intervening loops (e.g., diagonal loops, lateral loops, and double chain reversal loops), and (vi) environmental factors, such as interacting alkali metal ions, molecular crowding, and the presence of binding ligands [3, 4] . Many nucleic acid sequences rich in guanosines are capable of forming G-quadruplexes within cells. These include telomeric DNA, promoter regions of some oncogenes, and the thrombin-binding aptamer [5] [6] [7] [8] .
Cations play a critical role in stabilizing G-quadruplex structures by occupying the central cavity and neutralizing the electrostatic repulsion of inwardly pointing guanine O6 oxygens. It was recognized early on that the ability to stabilize guanosine gels differed greatly between cations [9] , suggesting that the ionic radius is important for complex stability. In the alkali series, K + promotes the most stable G-quadruplexes, K + >> Na + > Rb + > Cs + >> Li + . Electrostatic effects and hydration energy are also likely to affect the relative ability of cations to stabilize G-quadruplexes [10] [11] [12] [13] . The stability of G-quadruplexes depends not only on the identity of the stabilizing cation, but also on the DNA length and sequence, the length of intervening loops, and the strand stoichiometry and alignment [14] [15] [16] .
Studies by Sen and Gilbert, and by others [17] [18] [19] , showed that these cation-dependent G-quadruplex structures are thermodynamically stable under physiological conditions. K + and other alkali metal ) ions play an important role in biological systems. For example, potassium participates in the regulation of cell membrane potentials, affects the physiological function of nerves, and influences cell apoptosis [20, 21] . Since abnormal K + concentration in the blood has been correlated with several diseases (e.g., cardiac arrest, congenital hemiplegia, and diabetic acidosis), the monitoring of K + in blood has become a very important challenge [22] . The detection of K + in blood is carried out using a potassium-selective electrode [23] , but the detection of K + in a cell is also very important. K + exists in cells at the highest concentration, and together with the Na + ion, controls the osmotic pressure in each cell and maintains homeostasis of the cell volume. The difficulty in monitoring K + in extracellular conditions comes from the coexistence of an excess of sodium ions (Na + ); small variations in K + concentration (around 5 mM K + ) should be monitored in the presence of 100 mM Na + concentration. We and other groups [11, [24] [25] [26] reported on very selective and sensitive K + probes based on quadruplex-forming oligonucleotides, but they have not been designed to be incorporated into the cellular membrane for interfacial K + monitoring. Scheme 1 shows the model fluorescent oligonucleotide probe modified by attachment of a cholesterol moiety for potassium sensing at the cell membrane interface.
Scheme 1.
Concept showing the model of fluorescent oligonucleotide probes modified by the attachment of a cholesterol moiety for potassium sensing at the cell membrane interface.
Incorporating such a probe into the cell membrane is possible in cases where oligonucleotides comprise hydrophobic cholesterol-anchoring moieties. Patolsky et al. [27] made use of cholesterolmodified ssDNA for spontaneous anchoring into the hydrophobic interior of lipid membranes. This means of anchoring DNA is fast (tens of minutes), does not require chemically modified lipids to be introduced, and makes use of a naturally occurring membrane constituent, thus eliminating the risk for side effects induced by chemically reactive lipid head groups on incorporated membrane constituents. Pfeifer and Hooke [28, 29] showed that the hydrophobic anchor enables a practically irreversible coupling of the oligonucleotide to the membrane, and that the binding efficiency of DNA coupled to a lipid membrane with two cholesterol moieties gave better results.
A routine identification process of G-quadruplexes usually requires such techniques as: circular dichroism (CD), nuclear magnetic resonance (NMR), X-ray diffraction, mass spectrometry, and UV-Vis spectroscopy [30] . Fluorescence spectroscopy, particularly the resonance energy transfer technique (FRET), has been recognized as a powerful tool to study G-quadruplexes due to its high sensitivity and multidimensionality. Fluorescence resonance energy transfer (FRET) is a distance-dependent interaction between the electronic excited states of two dye molecules in which excitation is transferred from a donor molecule to an acceptor molecule without emission of a photon. The efficiency of FRET is dependent on the inverse sixth power of the intermolecular separation, making it useful over distances comparable with the dimensions of biological macromolecules. Thus, FRET is an important technique for investigating a variety of biological phenomena that produce changes in molecular proximity. Due to its high sensitivity to molecular distances, FRET has been extensively used in biomedical research to determine molecular interactions. Recently, FRET has been successfully applied to study stability and structural rearrangement of quadruplexes and to explore molecular mechanisms of quadruplex interactions with other molecules or ions. [31] . Intramolecular folding of a flexible single-stranded DNA molecule into a compact G-quadruplex is a structural transition leading to closer proximity of its 5' and 3' ends. Thus, labeling both ends of a DNA strand with donor and acceptor fluorophores enables monitoring of the quadruplex formation process by means of the FRET signal [32, 33] . The application of G-quadruplex-based FRET sensors for real time K + monitoring under physiological conditions appeared not to be an easy task because of saturation of the probe response at submillimolar concentration of K + and lower FRET efficiency in the presence of K + compared with that for Na + [34] [35] [36] .
Taking into account all the issues discussed above, we have designed new probes that could be useful for monitoring the potassium gradient at the cell surface or for measuring changes in membrane potential as they occur in cardiac tissue during hyperpolarization. Other applications may include use of the probes to evaluate the effect of cardiotonic steroids on sodium-potassium pump activity. The new oligonucleotide-based fluorescent probes carry two fluorophores (FAM and TAMRA) and are further modified by the attachment of a cholesterol moiety. These probes were designed and studied in order to verify their potential as potassium-sensing devices that could be incorporated into the cellular membrane. One should consider that incorporation of the probe into the membrane may affect spectral characteristics of fluorescent labels and/or can influence the cation-binding affinity of the probe and FRET efficiency. The 19-meric oligonucleotide with the thrombin-binding aptamer (TBA) sequence of d(GGTTGGTGTGGTTGG) as potassium recognition element was chosen. The TBA forms the quadruplex structure when potassium is present at the physiological range (low millimolar concentration). On the other hand, the feasibility of the probe to adsorb on the cell membrane is a crucial factor in considering the suitability of the probe for biological applications. A cholesterol anchor was attached using different approaches in order to identify factors affecting performance of probes and select the best candidate for cellular application. Four different fluorescent dual-labeled (FAM/TAMRA) oligonucleotides with or without a cholesterol anchor were investigated (Table 1) : (i) F19T probe without cholesterol moiety; (ii) ChF19T probe with cholesterol moiety attached to the 5'-end of the oligonucleotide; (iii) Ch16F19T probe with cholesterol moiety attached to the additional 16-meric oligonucleotide spacer that is able to hybridize with the Ch16' complementary strand (16 nucleobases equipped with a cholesterol anchor); and (iv) 16F19T probe without cholesterol moiety but with the additional spacer (16 nucleobases) also capable of duplex formation with the complementary Ch16'.
We present here the spectral properties and G-quadruplex folding ability of these fluorescent oligonucleotide probes. The UV-Vis, fluorescence emission, and excitation spectra (FRET efficiency) are reported, and the temperature stability of G-quadruplex structures adopted by probes (melting profiles) is discussed. Binding affinities of K + /Na + complexes have also been evaluated.
Experimental Section

Materials
Four oligodeoxyribonucleotide-based FRET probes (F19T, ChF19T, Ch16F19T, and 16F19T) with 6-carboxyfluorescein (FAM) and 6-carboxytetramethylrhodamine (TAMRA) labels and a cholesterol moiety as well as a complementary DNA strand equipped with a cholesterol "anchor" (Ch16') were synthesized and HPLC-purified by Eurogentec (Belgium). All concentrations were estimated by UV absorption and expressed in strand molarity. FAM acts as a donor of energy in the system (λex = 494 nm, λem = 520 nm), while TAMRA is the energy acceptor (λex = 560 nm, λem = 583 nm). The 19-meric thrombin-binding aptamer (TBA) with a d(TTTTAGGTTGGTGTGGTTGG) sequence was chosen to allow for quadruplex formation in the presence of K + or Na + . In order to form a suitably flexible structure with an optimum ability to associate with the hydrophobic part of the lipid membrane, and to form G-quadruplex, the oligonucleotide has the cholesterol-anchoring moiety, which is linked to the deoxyribose via a triethyleneglycol (TEG) spacer (Table 1 ). In the case of probe F19T (without cholesterol group), FAM and TAMRA labels were attached at the 5'-and 3'-termini of the oligonucleotide, respectively, using six-carbon linkers as described elsewhere [26] . The ChF19T probe comprises a cholesterol moiety attached to the 5' end of the oligonucleotide, TAMRA is attached to the 3' end, and FAM is placed internally via dT modification. The Ch16F19T probe with a cholesterol moiety attached to the oligonucleotide chain by an additional sequence (16 bases: CATCGAGCGTACGTTA) is capable of hybridizing to a complementary DNA strand equipped with a cholesterol "anchor" (16Ch'). Similarly, the 16F19T probe without a cholesterol moiety possesses the same additional sequence (16 bases) able to hybridize with 16Ch'. The primary sequences and names of the fluorescent oligonucleotides are given in Table 1 . Table 1 . Oligonucleotide probes used in this study.
Abbreviation Sequence and Structure
Potassium chloride and sodium chloride (Sigma Aldrich, extra pure quality) were used as received, and acetonitrile (HPLC grade) and triethylamine (99.5%) were used in the HPLC studies. In these investigations, ultrapure water (Polwater, Poland) was used (electrical resistivity of 18 MΩ cm) and the sample pH was adjusted to 7.5 by adding 10 mM Tris-CH3COOH buffer or 10 mM cacodylate buffer.
Methods
UV-Vis Absorption Studies
UV-Vis spectra and thermal denaturation profiles were obtained with a Cary 100 UV-Vis spectrophotometer with temperature controlled (Agilent Technologies, Australia). All experiments were performed in a 10 mM cacodylate buffer, 0.1 M KCl, pH 7.5, at 1 μM oligonucleotide strand concentration. The sample solutions were vortexed and placed in 1 cm quartz optical cells. For the hybridization experiment, the total strand concentration of Ch16' titrant was 2 μM (1 μΜ of fluorescent probe). Absorption spectra of the oligonucleotide probes were recorded in the spectral range of 200-800 nm by increasing the temperature by 5 degrees every 5 min (10-90 °C). Thermal denaturation profiles were measured at a heating rate of 1 °C/min with absorbance monitoring at 260 nm and 295 nm. The experiment was conducted in two stages: pre-heating of the sample at 90 °C for 5 min (this process was used to dissociate any intermolecular G-quartet-mediated structures that may have formed), followed by cooling (in the range of 90-10 °C) to lead to the formation of G-quadruplex (cooling profile), and subsequent heating in the range of 10-90 °C (heating profile).
Fluorescence Studies
All measurements were performed on a Cary Eclipse spectrofluorimeter (Agilent Technologies, Australia) with 5 nm excitation and 5 nm emission slits and were carried out using 0.4 × 1 cm quartz cuvettes, containing 1 mL of solution. Excitation spectra were recorded in the 200-550 nm range with the emission wavelength of 520 nm for FAM and 583 nm for TAMRA. Fluorescence emission spectra were recorded in the 500-800 nm spectral range with the excitation wavelength of 490 nm for FAM and 560 nm for TAMRA. A sample solution (1 mL) containing 0.2 μM of fluorescent oligonucleotide in 10 mM Tris-EDTA buffer (pH 7.5) was stirred and equilibrated in a quartz cell at 25 °C for 10 min; the spectra were not corrected. A typical investigation of metal cation effect in the concentration range of 0-0.1 M consisted of successive additions of small portions (0.1-33 μl) of a concentrated solution of 3 M KCl or 3 M NaCl salt, followed by stirring and thermal equilibration. Fluorescence spectra of probes were also recorded as a function of temperature (10-90 °C), using a Cary Peltier accessory in order to record the melting profiles of the probes. FRET efficiency that depended on G-quadruplex formation was evaluated using the ratio of the fluorescence intensity of the TAMRA acceptor excited by FRET to that for the FAM donor: (ratio) = F583/F520. The (ratio) calculation was carried out using the following equation: (ratio) = F583/F520 = (Fapp,583 − kxF520)/ F520 = Fapp,583/F520 − k, where Fapp,583 is the apparent TAMRA emission intensity read directly from the probe spectrum and k = F583/F520 is the correction factor for FAM contribution (calculated for spectrum of probe recorded at 95 °C (no G-quadruplex structure present)).
Results and Discussion
Spectral Properties of the Fluorescent Probes with Cholesterol Moiety
We have used HPLC with fluorescence and spectrophotometric detection to verify the analytical quality and purity of received probes (SI). All fluorescent probes exhibited absorption bands at 260 nm, 494 nm, and 560 nm, as expected for dual-labeled oligonucleotides with FAM and TAMRA (Figure 1) . The long-wavelength absorption bands are characteristic of FAM and TAMRA (494 nm and 560 nm, respectively), but the band at 260 nm should be ascribed mainly to the absorption of nucleobases, as contribution from FAM and TAMRA fluorophores at this wavelength is less pronounced. It should be noted that very similar spectra were obtained for all probes studied, irrespective of whether they contained a cholesterol moiety or not. This is not surprising since cholesterol only has low molar absorptivity at 260 nm (ε~100 [37] ).
Excitation and emission spectra were acquired with the wavelength range for excitation from 300 to 550 nm and for emission from 500 to 800 nm. Spectral characteristics for all probes were similar and a spectrum for F19T probe is shown in Figure 2 . Excitation of fluorescent probes at the FAM absorption band (490 nm) gave two fluorescence bands at 520 and 583 nm (FAM and TAMRA emission, respectively). Excitation at the TAMRA absorption band (560 nm) gave one band at 583 nm. Excitation spectra monitored at 520 nm (FAM emission band) exhibited one band at 494 nm. In turn, the excitation spectra monitored at 583 nm (TAMRA emission band) exhibited two bands: the main band at 560 nm and a very small band at 494 nm. These additional small bands observed for emission spectrum excited at the FAM absorption band and for excitation spectrum of TAMRA may indicate a residual FRET signal since the distance between fluorophores in a 19-meric oligonucleotide (ca. 80 Å) is comparable to the expected Förster radius (R0~65.0 Å) [24] . 
Stability of G-Quadruplex Structures
UV-Vis Melting Profiles
Changes in the absorbance or fluorescence of appropriately labeled oligonucleotides can be used to measure the stability and kinetics of G-quadruplex folding. We recorded the dependences of absorbance for fluorescent oligonucleotide probes vs. temperature. As previously noted by Scaria and colleagues [38] , the difference spectrum exhibits an isosbestic point around 280 nm, whereas a net hyperchromism is observed upon G-quartet formation at 285 nm or higher wavelengths. For these reasons, we investigated whether the formation of the G-quadruplex structure could be followed at 295 nm for the investigated probes. Simultaneously, we recorded the melting curves at 260 nm (full circles) and 295 nm (open triangles); the results are shown in Figure 3 for the F19T (Figure 3A ), ChF19T ( Figure 3B ), 16F19T ( Figure 3C ), and Ch16F19T ( Figure 3D ) probes. The temperature was lowered from 90 to 10 °C (blue lines) and then increased from 10 to 90 °C (red lines) at a heating/cooling rate of 1 °C/min. These changes provided a convenient means for monitoring the denaturation and hybridization processes of the probes.
Sigmoidal type curves were obtained at 295 nm for all probes in a 0.1 M KCl, 10 mM cacodylate buffer. The profiles were reversible (cooling and heating curves were almost superimposed) and reproducible (two cooling profiles were also superimposed). These melting profiles indicate that most typical problems (e.g., bubbles, evaporation, and sample degradation) were avoided, although some evaporation is visible above 80 °C. A small hysteresis, mainly for the melting profiles recorded at 295 nm, is associated with this process. In the absence of KCl, no melting transition could be seen at 295 nm (data not shown). Intramolecular G-quartet formation was fast, as proved by reversible denaturation profiles (temperature changes, 1 °C/min). The determined melting temperatures (Tm) for the fluorescent probes are presented in Table 2 . The Tm represents the mid-point of a melting curve at which the K + /G4 DNA complex is 50% dissociated. This can be estimated either from the temperature at which the absorbance is midway between the initial and final values or, more accurately, from the maximum in the first derivative of the melting profile [39] . -D) , 2 uM total strand concentration (E,F), 50 mM cacodylate buffer (pH = 7.5), 0.1 M KCl. The discrepancy at high temperatures between the heating and cooling curves is the result of evaporation: the experiment started with a cooling cycle (i.e., starting at a high temperature and slowly cooling) (blue profiles) followed by a heating cycle (red profiles). Note that the scales for the 260 nm and 295 nm readings are notably different. The melting curve recorded at 295 nm represents the formation/denaturation of an intramolecular G-quadruplex structure and the melting curve monitored at 260 nm may contain information on both the quadruplex transformation and the duplex formation by complementary sequences of the oligonucleotides. The decrease in absorbance for the 295-nm profile is a general phenomenon for G-quadruplex dissociation at higher temperatures. The most classical sigmoidal shape of melting profile, with flat regions at lower and higher temperatures, is observed for the F19T and ChF19T probes ( Figure 3A and B, respectively). Other probes (16F19T and Ch16F19T) show distorted profiles, indicating interplay of additional processes ( Figure 3C and D). It should be pointed out that all of these probes possess an additional spacer with 16 nucleotides that can be partially stacked. Therefore, the increase in temperature resulted in the reduction of such stacking interactions, causing an apparent hyperchromic effect (gradual increase in absorbance). This explanation is supported by the melting profiles for bimolecular systems shown in Figure 3E and F (16F19T/Ch16' and Ch16F19T/Ch16', respectively), for which the spacer is involved in duplex structure formation. It should be pointed out that attachment of the additional 16-meric spacer or even duplex formation did not seriously affect the thermal stability of the G-quadruplex (Tm ~ 37-38 °C). On the other hand, the presence of a cholesterol moiety, especially when attached directly to the quadruplex-forming sequence (ChF19T), significantly stabilized the G-quadruplex (Tm = 48 °C). Interestingly, the melting profiles recorded at 260 nm for the 16F19T/Ch16' and Ch16F19T/Ch16' systems ( Figure 3E and F) showed very clear characteristics of duplex formation. The higher stability of the duplex region for the Ch16F19T/Ch16' system (Tm = 68 °C) is reasonable if one considers the stabilizing effect of two cholesterol groups. Results of melting experiments provided evidence that hybridization of the fluorescent probe and the complementary strand with a cholesterol moiety is an alternative approach to designing a FRET probe with a hydrophobic anchor. To enhance the effect of anchoring, two cholesterol moieties can be present, which gives better binding efficiency for DNA coupled to lipid membranes [40, 41] . The selected 16-meric sequence d(TAACGTACGCTCGATG) was long enough to allow the formation of a stable DNA duplex. In conclusion, temperature curves at 295 nm and 260 nm provide a good means for monitoring formation/dissociation processes for the system in which G-quadruplex and duplex regions occur. The schematic representation of the process of G-quadruplex formation for the Ch16F19T/Ch16' system is shown in Scheme 2. Scheme 2. The structure and mechanism of G-quadruplex formation for the Ch16F19T/Ch16' probe.
Fluorescence Melting Profiles
Labeling of G-quadruplex forming oligonucleotides with either fluorescent base analogs or with suitable acceptor-donor FRET pairs also allows for monitoring of the denaturation process by fluorescence spectroscopy. A fluorescent melting curve was obtained by monitoring the emission fluorescence changes at 520 nm from 10 to 90 °C, at a heating rate of 1 °C/min, using the excitation wavelength of 490 and 5 nm excitation/emission slits. Figures 4A and B show a comparison of the fluorescence melting profiles and UV melting data (at 295 nm) for the ChF19T probe. It can be seen that the two methods give very similar Tm values. Similar dependences were obtained for the other probes and the determined Tm values are collected in Table 2 . Figure 5A and B shows the fluorescence spectra of the F19T and ChF19T probes recorded at different temperatures (10→90 °C). The temperature effect was tested in a buffer containing 100 mM K + ions with excitation at the wavelength of 490 nm (FAM absorption maximum). Two emission bands with intensities dependent on the temperature are observed, as expected. The band centered at ca. 520 nm corresponds to FAM emission and the other at ca. 580 nm is due to TAMRA fluorescence. In the case of the unsubstituted F19T probe (Figure 5A ), FAM emission is slightly quenched at a low temperature range (10-40 °C) but gradually restored upon further heating (65-90 °C), which is consistent with the dissociation of the G-quadruplex structure at higher temperatures. For the probe with a cholesterol moiety, ChF19T ( Figure 5B ), FAM emission shows a similar dequenching effect, but the FAM emission increases much more. On the contrary, the TAMRA emission bands (583 nm) undergo significant quenching with increasing temperature; this effect is more pronounced for the F19T probe ( Figure 5A ). The observed temperature effect on the fluorescence bands of FAM and TAMRA strongly suggests that an energy transfer process (FRET) operates in these systems provided that temperature is kept below the Tm values of G-quadruplexes. An increase in temperature above melting point causes unfolding of the G-quadruplex structure, which results in dequenching of FAM emission and decreased sensitized fluorescence of TAMRA. Fluorescence spectra recorded between 10-90 °C fully supported the ability of all probes (data not shown) to form G-quadruplexes in the presence of K + ions, resulting in energy transfer from the donor FAM to the acceptor TAMRA fluorophore. Figure 6 shows the effect of temperature on the efficiency of the FRET process, expressed as a (ratio), which was calculated from the emission spectra using the expression given in the experimental section:
Fluorescence Spectra
(ratio) = F583/F520, where F583 is the fluorescence of the acceptor (TAMRA) excited by FRET and F520 is the fluorescence of the donor (FAM), measured when the sample probe was excited at 490 nm. The ratio plots in Figure 6 for (A) F19T and (B) ChF19T probes or for hybridized (E) 16F19T/Ch16' and (F) Ch16F19T/Ch16' systems exhibit a gradual decrease in FRET efficiency with increasing temperature. A characteristic change in the slope can be observed for each curve at temperatures close to the melting point of the quadruplex for that particular system. This is further evidence that the FRET process is related to the formation of the G-quadruplex structure by the probes. Two other probes, (C) 16F19T and (D) Ch16F19T, show more complex dependencies, which probably reflect the interplay of additional processes (cf. melting profiles in Figure 3 ).
Absorption spectra of FAM and TAMRA (at 494 and 560 nm, respectively) for all probes were also affected by the folding of the oligonucleotide in temperatures from 10 to 90 °C (data not shown). The FAM absorption band exhibited higher hypochromicity (ca. 40%) at room temperature than the TAMRA band (ca. 15%). In contrast, monotonous variations of FAM and TAMRA emission were observed in the same range of temperature, and no increase in the emission of FAM while quenching the emission of TAMRA was demonstrated, in agreement with an unfolded structure at all temperatures (data not shown).
Potassium and Sodium Cation Selectivity of the FRET Probes
Although the G4 DNA structure appears to be stabilized by a hydrogen-bonding network involving N7:N2H and O6:N1H, this is unlikely to be the source of the thermodynamic stability of such structures in the solution. The central core of the G-quartet produces a specific geometric arrangement of lone pairs of electrons from the four GO6, which can coordinate a monovalent ion of the proper size, such as Na + or K + . The smaller Na + ion can sit in the plane formed by these atoms, whereas the larger K + requires a nonplanar location and in fact lies between two such G-quartets [42] . The thrombin-binding aptamer used in this study is known to form a chair-type intramolecular tetraplex structure irrespective of the nature of the metal cation complexed [43, 44] . Although properties of FRET probes based on the G4 approach are well recognized [11, 12, 34] , the cholesterol moiety introduced in our probes requires careful checking of its spectral behavior in the presence of metal ions (K + and Na + ). In the unfolded form of the oligonucleotide probes, little transfer is expected, as the average distance between the two chromophores should be larger than the Förster distance (calculated to be around 5.0 nm). Intramolecular folding of the G4 structure should bring the two chromophores into close enough proximity for energy transfer to be efficient. The fluorescence spectra of F19T and ChF19T (λex = 494 nm) in the presence of K + (0-100 mM) are shown in Figure 7A and C, respectively;
and those in the presence of Na + ion are shown in Figure 7B and D, respectively. The first fluorescence band observed at λem = 520 nm is characteristic of the FAM emission and the second band at λem = 583 nm is typical for the TAMRA fluorophore. In all cases an increase in K + ion concentration caused considerable quenching of the FAM emission band at λem = 520 nm whereas the intensity of the TAMRA band λem = 583 nm slightly increased (ChF19T) or decreased (other probes). It should be noted that the FAM and TAMRA fluorescence bands for the F19T probe possess comparable intensity even in the absence of metal ions, but this is caused partially by the much lower intensity of the FAM band (already quenched). Contrary to potassium, sodium ions exerted much a smaller effect on the fluorescence spectra of the probes. Folding of the G-quartet oligonucleotides in the presence of sodium ions only led to some quenching of FAM emission, without a concomitant increase in rhodamine emission at longer wavelengths for all probes. It should be pointed out that all probes exhibited a substantial decrease in TAMRA fluorescence excited directly at 560 nm with an increase in cation concentration (data not shown). Observed spectral changes clearly indicate the G-quadruplex formation and show that a FRET process between FAM and TAMRA fluorophores takes place for potassium ions but is less pronounced for sodium cations. To verify which probe is more suitable for potassium sensing applications (better K + /Na + selectivity), the fluorescence intensity ratio values (FRET signal) were calculated for all probes. with a small FRET signal to sodium ions at the higher concentration range of 10-100 mM, which is consistent with the binding affinities of these cations. Other reports have proved that the TBA sequence showed a high binding preference for K + over Na + [36] .
In conclusion, all probes respond selectively to K + ions with a FRET signal that is dependent on the metal ion concentration suitable for cellular applications. 
Conclusions
The spectral properties and G-quadruplex folding ability of four FRET probes with a cholesterol anchoring group (ChF19T and Ch16F19T) or without cholesterol (F19T and 16F19T) were characterized in solution and tested as FRET probes for monitoring K + ions.
Measurements of the melting points at 295 nm showed that the process of G4 DNA formation is reversible, and the melting curves monitored at 260 nm may provide information on both the quadruplex transformation and the duplex formation (depending on the probe structure). Labeling of G-quadruplex forming oligonucleotides with an acceptor-donor FRET pair (TAMRA-FAM) also allowed for monitoring of the denaturation process by fluorescence spectroscopy. Attachment of an additional 16-meric spacer, in the case of Ch16F19T and 16F19T probes, or even duplex formation in this spacer region did not markedly affect the thermal stability of the G-quadruplex structures. Fluorescence spectra recorded in the 10-90 °C temperature range fully supported the ability of all probes to form G-quadruplexes in the presence of K + ions, resulting in energy transfer from the donor FAM to the acceptor TAMRA fluorophore. In contrast, monotonous variations in FAM and TAMRA emission were observed in the absence of K + ions.
Folding of the fluorescent oligonucleotide probes in the presence of potassium (to a smaller extent for sodium ions) led to quenching of FAM emission with slight changes in TAMRA emission. Enhanced acceptor emission was only demonstrated in the presence of potassium ions for the ChF19T probe. One can conclude that G-quadruplex based probes exhibited higher potassium ion binding affinity and advantageous K + /Na + selectivity.
Our studies have shown that labeling with fluorescent reporter groups (FAM and TAMRA) and a cholesterol moiety still allows oligonucleotides to fold into a quadruplex structure and interact with metal cations. Future studies will be focused on the examination of probe performance in membrane-mimicking conditions, e.g., lipid monolayers or Langmuir-Blodgett films.
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